Ordered mesoporous MnO, Mn 3 O 4 , Mn 2 O 3 and MnO 2 materials with 3-D pore structure were successfully synthesized via a nano-replication method by using ordered mesoporous silica, KIT-6 (Cubic Ia3d space group mesostructure) as the template under specific oxidation and reduction conditions. Notably, ordered mesoporous MnO with a crystalline wall (rock salt structure) was synthesized for the first time, to the best of our knowledge. The synthesis of the ordered mesoporous MnO was achieved by reducing the ordered mesoporous Mn 3 O 4 under an H 2 atmosphere, while preserving the ordered mesostructure and crystalline wall throughout the solid/solid transformation. All of the ordered mesoporous manganese oxides with different crystal structures and oxidation states demonstrated almost the same spherical-like morphology with several hundred nanometers of particles. The synthesized ordered mesoporous manganese oxides had uniform dual mesopores (2-3 nm, and ∼20 nm) and crystalline frameworks with large surface areas (86-140 m 2 /g) and pore volumes (0.27-0.33 cm 3 /g).
INTRODUCTION
Manganese oxides are widely utilized as important materials with applications in various fields, due to their nontoxic, environmental friendliness and low cost, as well as the earth abundance of manganese. The various oxidation states of manganese (Mn(II), Mn(III), and Mn(IV)) make it more attractive for various industrial applications, such as in high density magnetic storages, 1 2 ionexchange materials, 3 4 electrodes for Li-ion batteries, [5] [6] [7] [8] [9] [10] supercapacitors, 11 12 and catalysts. 7 13-15 In particular, mesoporous manganese oxides with crystalline walls have been widely studied for their controllable pore size, pore structure, surface area, and various oxidation states that can be designed for suitable application. [15] [16] [17] [18] [19] A nanoreplication method using mesoporous silica as a hard template is generally applied to obtain highly crystalline mesoporous metal oxide with a uniform pore structure (Fe 2 O 3 , Co 3 O 4 , NiO, MnO 2 , WO 3 , etc.). [20] [21] [22] [23] [24] Ren et al. investigated the influence of pore/wall thickness on a Li intercalation reaction using the framework size-controlled mesoporous MnO 2 as cathode material. 18 It was also * Authors to whom correspondence should be addressed.
reported that crystalline mesoporous Mn 2 O 3 and Mn 3 O 4 can be successfully synthesized under a reducing atmosphere without destroying the structure, which is then applied as a catalysts for a CO oxidation reaction. 17 25 Although ordered mesoporous MnO 2 , Mn 2 O 3 , and Mn 3 O 4 were successfully synthesized in other recent papers, synthesis of mesoporous MnO has not yet been achieved, due to the structural shrinkage which occurs during the reduction process.
In the present work, we have developed a route to synthesize all 4-representative mesoporous manganese oxides with the various oxidation states from Mn(II) salt as a precursor, by a simple impregnation method. The aim of this research was to gain a basic insight for the synthesis of the mesoporous transition metal oxides with the various oxidation states, including any reduced mesoporous transition metal oxides, while also pointing out the potential direction of application.
EXPERIMENTAL DETAILS

Synthesis of Mesoporous Materials
The mesoporous silica template KIT-6 was synthesized using the published method with simple modifications. The synthesis procedure to produce highly crystalline mesoporous manganese oxides was performed as follows. 20-24 27 Mesoporous manganese oxides with various oxidation states were synthesized via a nanoreplication method. In a typical synthesis of the manganese oxides, 7 g of Mn(NO 3 2 · 6H 2 O (98%, Aldrich) was melted at 373 K to liquefy the precursor. 5 g of preheated mesoporous KIT-6 was mixed with the melted manganese precursor, and the mixture was kept at 373 K for the spontaneous infiltration of the precursor into the mesopores of the KIT-6 template. Mesoporous MnO 2 and Mn 2 O 3 with silica composites were obtained by annealing at 450 C and 550 C for 3 h in air, respectively. Mesoporous Mn 3 O 4 with silica composite was obtained by the subsequent reduction of mesoporous Mn 2 O 3 with the silica composite at 300 C under an H 2 atmosphere. The mesoporous silica template was removed by dissolution using 2 M NaOH solution, washing several times. Subsequent filtration and washing with an amount of distilled water resulted in the mesoporous MnO 2 (black powder), Mn 2 O 3 (dark blown powder), and Mn 3 O 4 (blown powder). The additional reduction of the obtained mesoporous Mn 3 O 4 was carried out by heating at 400 C under an H 2 atmosphere to convert the ordered mesoporous Mn 3 O 4 to ordered mesoporous MnO without structural collapse.
Characterization
The low and wide angle X-ray diffraction (XRD) patterns were obtained from a Rigaku D/MAX-III instrument equipped with Cu K radiation operating at 30 kV and 40 mA. N 2 sorption isotherms were obtained using a Micromeritics Tristar at liquid N 2 temperature. Before the measurements, the materials were degassed for 12 h at 323 K. The Brunauer-Emmett-Teller (BET) and BarrettJoyner-Halenda (BJH) methods were utilized to estimate the BET surface areas and pore size distributions. Scanning electron micrographs (SEM) were collected using a LEO SUPRA 55 GENESIS 2000 instrument at an accelerating voltage of 15 kV. Transmission electron micrographs (TEM) were obtained using a G2 FE-TEM at an operating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) data were obtained using a ESCA 2000 (VG Microtech) instrument with Al K (1486.6 eV) radiation.
RESULTS AND DISCUSSION
Low-angle XRD patterns ( Fig. 1 ) for all the mesoporous manganese oxide materials have a well-resolved peak at 2 = 1 , which corresponds to the (211) reflection of the Ia3d space group anticipated for the negative replica structure of KIT-6 silica material. The other well defined peaks at 0.55 in 2 could be indexed as a (110) reflection, which is derived from the structural transformation from the cubic Ia3d to tetragonal I 4 1 /a (or lower) mesostructure. Slight broadening of the (211) reflection peaks with a decrease in peak intensity ratio (I 211 /I 110 ) indicated a degree of loss in structure order from the subsequent reduction conditions. The unit cell parameter, a 0 , calculated from the d-value of (211) reflections is presented in Table I .
The mesostructure was investigated further by N 2 adsorption-desorption measurements (Fig. 2) . All the isotherms exhibited type IV isotherms with a distinct capillary condensation at relative pressures of 0.4 and 0.9, indicating uniform mesoporosity. According to the corresponding pore size distribution curves, calculated from the adsorption isotherm branch, all the mesoporous manganese oxide material exhibited dual pore structures (2-3 nm, and ∼20 nm). Mesoporous MnO 2 ( Fig. 2(a) ) consisted of a narrow pore size distribution of 2.9 nm, originating from the exact replication of the silica frameworks of the KIT-6 template, and a broad pore size distribution of about 20 nm from exclusive formation in one of the two chiral pore channel systems. In the case of mesoporous Mn 2 O 3 and Mn 3 O 4 (Figs. 2(b) and (c) ), the two sets of pores shrank to 2.3 nm and 11 nm, representing that the mesostructure was not destructed at all, despite the conversion from Mn 2 O 3 to Mn 3 O 4 under reduction conditions. The pore size distribution of mesoporous MnO (Fig. 2(d) ) was slightly wider and broader, with weak intensity, centered at 3.0 nm and 13 nm. The BET surface area and total pore volume of mesoporous MnO were 86 m 2 /g and 0.27 cm 3 /g, respectively, which was little lower value than the other samples. These features were derived from the nature of the synthesis reduction, causing inevitable volume change during the conversion from Mn 3 O 4 to MnO. The estimated volume shrinkage for MnO, calculated using the bulk densities, was about 17%. The BET surface area, pore volumes and unit cell parameters are presented in Table I . The crystallographic structure of the mesoporous manganese oxides was examined by wide-angle XRD measurement (Fig. 3) -3m) , respectively, which is in agreement with the HRTEM observation (Fig. 5) . The synthesis of mesoporous MnO 2 , Mn 2 O 3 , and Mn 3 O 4 occurred before the dissolution of the mesoporous silica template, with the exception of mesoporous MnO. Because mesoporous MnO was easily oxidized during the dissolution of the mesoporous silica template using 2 M NaOH solution, is was instead synthesized with no impurity phase, through the solid/solid transformation from mesoporous Mn 3 O 4 to MnO. Each XRD pattern confirms that single phase manganese oxides, with no impurity phases, were obtained. The average crystallite sizes, determined by Scherrer's equation based on the intense diffraction peaks were 6.3 nm, 10 nm, 10 nm, and 7.1 nm in the same order as above. This indicates means that the mesoporous walls are composed of nano-crystalline manganese oxide frameworks.
SEM images (Fig. 4 ) of these four manganese oxides with various oxidation states show several hundred nanometers of particles. Each particle is composed of small grains below 5 nm with long range ordering, confirming the formation of highly ordered mesostructure. All particles have an almost uniform surface, sharing the same spherical-like morphology, indicating that all of the manganese precursors were transformed into manganese oxide within the mesopores of the template.
Transmission electron microscopy (TEM) was investigated further, to confirm the mesostructural properties of the four representative mesoporous manganese oxides (Fig. 5) . They consisted of 10 nm pores and 7 nm walls, with uniformly repeating units in a large range. This indicates that even after the reduction treatment and template removal, mesoporous manganese oxides with the various oxidation states were still able to retain their well-ordered array, without structural collapse. High resolution TEM (Fig. 5 inset) images revealed that all mesoporous manganese oxides were crystallized well, and the crystal size was approximately 5 nm, in agreement with the XRD observations. The lattice fringes observed in the images, and were determined to be 0.240 nm, 0.271 m, 0.492 nm and 0.222 nm for mesoporous MnO 2 , Mn 2 O 3 , Mn 3 O 4 , and MnO, respectively, corresponding to the interplanar spacing of each manganese oxide, in exact agreement with the XRD patterns in Figure 3 .
X-ray photoelectron spectroscopy was carried out to investigate the oxidation state of Mn in the manganese oxides (Fig. 6) 
CONCLUSION
Ordered mesoporous manganese oxides with various valences were successfully synthesized through the nanoreplication technique. Mn 2+ salt was used as the precursor, which infiltrates into the mesopore of the mesoporous silica template KIT-6, and is transformed into crystalline MnO 2 , Mn 2 O 3 , Mn 3 O 4 , and MnO at different temperatures. Notably, this is the first report of the synthesis of mesoporous MnO through the direct template method. All materials obtained had well-refined mesostructures, high surface areas and large pore volumes.
